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AbstractCongenital adrenal hyperplasia (CAH) is characterized by impaired biosynthesis of cortisol. 21-hydroxylase deficiency is the most common cause of CAH affecting 1 in 10000-15000 live birthsover the world. The frequency of the disorder is very high in Iran due to frequent consanguineousmarriages. Although biochemical tests are used to confirm the clinical diagnosis, molecularmethods could help to define accurate diagnosis of the genetic defect. Recent molecularapproaches such as polymerase chain reaction based methods could be used to detect carriers andidentify different genotypes of the affected individuals in Iran which may cause variable degrees ofclinical expression of the condition. Molecular tests are also applied for prenatal diagnosis, andgenetic counseling of the affected families. Here, we are willing to delineate mechanismsunderlying the disease, genetic causes of CAH, genetic approaches being used in the country andrecommendations for health care improvement on the basis of the molecular and clinical geneticsto control and diminish such a high prevalent disorder in Iran. Also, the previous studies on CAH inIran are gathered and a diagnostic algorithm for the genetic causes is proposed.
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IntroductionCongenital adrenal hyperplasia (CAH) is one of thecommon endocrine disorders, caused by reducedor complete absence of enzymatic activities of

steroid biosynthesis pathway (Fig. 1)[1,2]. Based onthe phenotypic expression of the disorder, it iscategorized into two major forms: severe orclassic form, consists of salt-wasting and simplevirilizing type, and late onset or non-classic
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form[3]. The variable clinical phenotypes dependon the reduced enzymatic activity due to differentcombination of gene mutations which may lead tomortality and morbidity.Steroids are widely produced in adrenal cortexwhich is classified into mineralocorticoids,glucocorticoids, or sex hormones. Aldosterone,end product of mineralocorticoids, synthesized inouter zona glomerulosa, affects the electrolytebalance. It helps to reabsorb sodium from kidney,colon and sweet glands. Cortisol, a glucocorticoid,is the main product of the fasciculata of adrenalcortex preserving carbohydrate metabolism,coping with stress, infection, and trauma. Sexhormones such as dehydroepiandrosterone(DHEA) and estradiol are secreted from zonafasciculata and reticularis. These steroids areregulated by a negative feedback ofhypothalamus-anterior pituitary-adrenal axis[4].Corticotropin releasing hormone (CRH) fromhypothalamus stimulates adrenocorticotropoichormone (ACTH) production. Low cortisol levelhas a significant feedback control on ACTHsecretion[5]. Enzymatic defects in steroid pathwayshunts the loop into other pathways, particularly

androgen pathway which in turn leads to adrenalhyperplasia and over production of intermediatemetabolites (Fig. 1)[4].CAH mainly occurs due to mutations in genesincluding CYP21A2, StAR, CYP11A1, HSD3B2,CYP17A1 and CYP11B1 which encode thefollowing enzymes: 21-hydroxylase (21-OH),steroidogenic acute regulatory protein (StAR)(lipoid adrenal hyperplasia), cholesterol 20-22desmolase, 3β-hydroxysteroid dehydrogenase(3β-HSD), 17α-hydroxylase (17α-OH) and 11β-hydroxylase (11β-OH), respectively[6-11].Basically the genes for the enzyme deficienciesare known, and mutational analysis isimplemented in research and diagnosticlaboratories around the world. There are manyreports about CAH in Iran[12-19]. Clinicalexamination, paraclinical tests, HLA typing andkaryotyping have been done in many of thesestudies. However, a few investigations have beenreported on the genetic cause of Iranianpatients[20,21]. The objective of this record is togather information on the genetic basis of CAH,prenatal diagnosis, carrier detection, geneticcounseling, and the genetic approaches which

Fig. 1: Schematic structure for biosynthetic pathway of mineralocorticoids, glucocorticoids and sex steroidhormones in the adrenal cortex
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are being used in Iran; health improvement forpatients and their families to reduce the physical,social, economical and psychological stress amongthe afflicted families is also one of the highlights ofthis country. Pediatricians should be aware of thiskind of malformation and the genetic supportsthat could be carried out before the occurrence ofany distress for the family and the community.

Clinical manifestationsDue to excess amount of androgen producedduring gestation, virilization of the female fetusesin 21-OH deficiency and 11β-hydroxylasedeficiency is noticed, causing femalepseudohermaphroditism. Boys usually have nosigns of androgen excess, although they generallyshow hyperpigmentation of genitalia, but may bediagnosed if being salt looser due to dehydrationand shock[5,22].Affected 46, XY boys with 17α-OH deficiencyand lipoid hyperplasia have female-like externalgenitalia which is due to the impaired testosteronebiosynthesis. Usually boys and girls affected with3β-HSD deficiency have ambiguous genitalia.Females with 17α-OH deficiency remain sexuallyimmature[22].Symptoms including weight loss, poor appetite,dehydration, vomiting diarrhea, acidosis andfailure to thrive may be attributed to the classicform of CAH for insufficient aldosteronemaintenance as manifested in 21-OH deficiency,3β-HSD deficiency, and lipoid hyperplasia.Patients with 11β-OH deficiency and 17α-OHdeficiency may assign to hypertension due to highlevel of deoxycorticosterone (Table 1 and 2)[5,22,23].Some patients only demonstrate signs ofvirilization, and do not show any signs of saltloosing despite showing pseudo-puberty withadvanced bone maturation which are categorizedunder simple virilization[5].Patients with mild, late onset, nonclassic formpresent with precocious puberty and acceleratedgrowth rate in children and tall stature, infertility,acne, hirsutism, and oligomenorrhea in youngwomen[5,24]. However, some asymptomatic formsmay appear.

Table 1: Signs and symptoms of different forms
of congenital adrenal hyperplasia [4, 13]-Masculinization of genitals (enlarged clitoris andfused labia)-Enlarged adrenal glands-Inability to conserve salt-Severe illness within days of birth-Low vocal pitch-Acne-Hirsutism-Amenorrhea-Masculine muscle development in females-Early development of penis, prostate, pubic andaxillary hair in boys-Early appearance of armpit hair-Small testes-Excessive muscle development for age-Immature testes-Tall as children but short as adults-Pseudohermaphroditic females-Premature development of male characteristics

GeneticsThe enzymatic deficiencies causing CAH mainlyinclude any  abnormality  in  production andactivity of 21-OH, steroidogenic acute regulatoryprotein (StAR), lipoid adrenal hyperplasia, 3β-HSD, 17α-OH and 11β-OH, and a new form of CAHresulting from deficiencies in both 21-hydroxylaseand 17α-OH/ 17,20-lyase activities werereported[25-27]. The main properties of differentenzymatic defects causing CAH are presented inTable 2.The most significant cause of CAH is 21-OHdeficiency, accounting for more than 90-95% of allcases[28]. The high frequency of 21-OH deficiency(347 of 433 CAH) has been also described amongother forms of CAH in Iranian patients[14]. Thus, itis essential to have an overview on gene structureand mutations involving 21-OH deficiency. Classicform of 21-OH deficiency is the most prevalentvariant of CAH, affecting 1 in 10000 to 1 in 15000births[23,29,30].The carrier frequency of CAH in the generalpopulation is 1 in 55[31]. The frequency of the non-classic form is difficult to determine owing toproblems of ascertainment but it is determined to
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be approximately 1 in 100 live births[5]. All otherforms of CAH occur at a frequency of 1/100000 inmost populations[22].The functional CYP21, CYP21A2 gene encoding21-OH, consists of ten exons which is located onthe short arm of chromosome 6 (6p21.3) inthe class III  region of the major histocompatibilitycomplex (MHC)[32-34]. There is a non-functionalpseudogene, CYP21A1[32], with 98% identity in thevicinity of CYP21A2 (nearly 30 kb apart from eachother). These two genes together with the genesencoding   complement proteins (C4A, C4B),tenascin (TNX A and B) which TNXB encodes anextracellular matrix protein[35,36], and serine/threonine nuclear proteins (RP1 and RP2) arearranged in tandem manner as a bimodule (Fig.2)[23,34,37,38]. It is generally accepted that theduplication of an ancient gene may lead to thisconfiguration.There are many point mutations, smalldeletions, small insertions, splicing mutations, andgross deletions, duplications and chimeras foundin CYP21A2 genes[34,39-41].According to Human Gene Mutation Database(HGMD) there are more than 100 mutations found(www.hgmd.cf.ac.uk). The following commonmutations in the CYP21A2 gene have beendescribed in many populations accounting forthree forth of the mutations: g.89C>T (p.P30L),g.655A/C>G (I2G), g.707_714delGAGACTAC(p.G110_Y112), g.999T>A (p.I172N), Cluster 6(p.I236N, p.V237G, p.M239L), g.1683G>T(p.V281L), g.1994C>T (p.Q318X), and g.2108C>T(p.R356W). Different large deletions including allexonic parts of CYP21A2 account for 20-25% of21-OH deficient cases in most populations[42].Although these mutations have been extremelystudied in many populations around theworld[34,42-48], so far few studies have been

published for Iranian population (Table 3)[20,21].It is implied from Table 3 that there is an ethnic-specific manner mutation frequencies[48,49-51].Thus, a comprehensive study on differentpopulations around the country is essential todetermine the mutation frequencies based on eachethnic cohort.CYP21A2 gene has a 98% identity to itspseudogene, CYP21P[32]. This structure is prone torecombination errors and unequal crossing-oversduring meiosis resulting in CYP21A1P–CYP21A2and TNXA–TNXB chimeras, large/short geneconversions, deletions and duplications[39,52].Various combinations of gene deletions andconversions which may occur on the basis ofdifferent breakpoints complicate mutationanalysis. Discriminating between differentcompound heterozygotes may also entangle theprediction of phenotypes. The deleterious allelesaffect production and/or enzymatic activity of 21-OH and may show the phenotypic variability. Thegenetic background of the affected individual,modifier factors, other loci and association ofdifferent mutations may influence thephenotypes[38].11-OHD has been reported as the second causeof CAH in Iran accounting for 63 of 433patients[14]. CYP11B1 gene located onchromosome 8q21 has nine exons which is 40 Kbapart from CYP11B2 gene for the aldosteronesynthesis. CYP11B1 is amplified in a number offragments and directly sequenced for mutationanalysis[8,53,54]. CYP17A1 gene has been mapped onchromosome 10q24.3 encoding 8 exons whichcatalyze two enzymatic reactions, one 17α-hydroxylation and the other 17, 20-lyase reaction.For molecular testing direct sequencing isaccomplished for all coding regions[6,55-57].

Fig. 2: Schematic structure of CYP21A2 gene and flanking genes in the class III region of the MHC on chromosome6p21.3. CYP21A2 gene encoding functional steroid 21-hydroxylase; CYP21P is a pseudogene, C4A and C4B encodefunctional complement 4, TNXB encodes Tenascin (an extracellular protein), TNXA is the deleted form of TNXB, andRP1 is a threonine/serine protein kinase and RP2 is the truncated form of RP1. The gene and the pseudogene areincluded in RCCX region which make a bimodular form composed of two sets of the four tandem arranged genes:RP1-C4A-CYP21A1P-TNXA-RP2-C4B-CYP21A2-TNXB.
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Table 3: Properties of the most common mutations found in CYP21A2 gene (21-OHD) of CAH*
Mutation name

Location on
CYP21A2 gene

Enzymatic
activity %

Frequency %
CAH
form

Genomic level
Protein
level

Vakili
et al[20] World

Ramazani
et al.[21]

89C>T P30L Exon 1 30–60 0-9 0 NC
655A/C>G I2G Intron 2 <5 15 12-31 28 SW orSV
707_714
delGAGACTAC

G110_Y112 Exon3 0 10 0-5 13 SW
999T>A I172N Exon 4 1 22 2-29 9 SV
Cluster 6

I236N,V237G,M239L Exon 6 0 -- -- 4 SW
1683G>T V281L Exon 7 20-50 -- 0-17 3 NC
1994C>T Q318X Exon8 0 -- 0-14 9 SW
2108C>T R356W Exon8 0 0 4-14 5 SW
Large
deletions

-- TNXA-RP2-C4B-CYP21A2 0 25 25 ND SW
Chimeras -- CYP21A2/CYPP,TNXA/TNXB 0 -- Categorizedunderdeletions ND SW

*These mutations are seen in pseudogene that is being used in molecular genetic testing. Large deletions and chimers are alsonoticed in patients[5,34,65]

3β-HSD deficiency shows variable expression ofboth sexes. It is caused by mutations in HSD3B2gene, located on chromosome 1p13.1, comprisedof 4 exons. Molecular diagnosis of this gene is alsocarried out by sequencing of the polymerase chainreaction (PCR) products[11,58-60].StAR gene is located on 8p11.2 which importscholesterol   to  mitochondria.  Instead cholesteroldesmolase enzyme helps the cleavage ofcholesterol side chain. The related gene is onchromosome 15q23-24[61-63].Finally, it should be mentioned that other genessuch as CYP11A1 and POR genes are also involvedbut have a rare frequency compared to otherdeficiencies.
Diagnosis

BiochemicalCAH can be diagnosed on the basis of biochemicalassessment of hormonal concentrations.Metabolites such as 17α-hydroxy-progesterone(17-OHP), androstenedione, dehyroepi-androsterone (DHEA), cortisol, testosterone,

aldosterone, renin are assayed to determine theclinical variant of CAH which some mayaccumulate before the enzymatic block with theexception of lipoid adrenal hyperplasia that nosteroid is produced in this form of disorder. Directassessment of the enzymatic activity of 21-OH isimpossible because CYP21A2 gene is expressedprincipally in the adrenal cortex. Based onaccumulation of precursors after ACTH(cosyntropin) stimulation test[5], and comparingprecursor:product ratios, the test is performed[5].Normally, high concentration of serum 17-OHP isobserved in classic 21-OH deficiency. Fordifferentiating 21-OH deficiency from othersteroidogenic enzymatic defects ACTH stimulationtest is performed[23,30]. A profile of steroidmetabolites is needed to evaluate the clinicalcause of the disease.However, we cannot use this method foraccurate diagnosis of carriers, and asymptomaticpatients. Determination of genotype in affectedindividual also cannot be done using biochemicaltest.
MolecularAs consequence of the pseudogene existence, the
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genetic diagnosis of 21-OH deficiency andinterpretation of the results (especially chimericgenes, gene conversions and duplications) aremore difficult than other single gene disorders.Molecular tests for diagnosis of genetic causes ofCAH have been set up since many years ego. Theeight common mutations have been studied in 85Iranian patients[20,21]. However, a proposedalgorithm presented in Fig. 3 shows a diagnosticprotocol for 21-OH deficient patients which wasinvestigated for more than 50 affected familiesand also is being performed at present in PediatricCenter of Excellence, Children’s Medical Center.Briefly, the following procedure was performedfor the genetic testing of CAH affected families.Clinically examined affected individuals wereselected for genetic testing. 21-OH deficientcandidates were enrolled for the molecularanalysis. Informed consent was obtained fromaffected families. DNA extraction wasimplemented from affected individuals and theirparents (and siblings if available). Then, commonmutations of CYP21A2 gene were investigated by

a PCR based technique, amplification refractorymutation system (ARMS) at first step. PCRconditions for these mutations have beendescribed previously[64,65]. These techniques coulddifferentiate between carriers and normalindividuals, indicating heterozygotes andhomozygotes. If no mutation or just one mutationwas found, sequencing (ABI 3730, AppliedBioSystems, US) of all exonic regions of theCYP21A2 gene[66] was carried out to detect rareand novel point mutations[67]. If a large deletion(partial or complete gene conversion, chimers)and duplication were suggested, multiplex ligationprobe amplification (MLPA) was performed toconfirm it with the use of capillary electrophoresis(ABI 3010 Applied BioSystems, US) (Fig. 3). MLPAkits (MRC-Holland) are available for dosagescreening purposes[68,69]. Recently, PCR and realtime PCR have been applied for diagnosis of largedeletions[70-72].We found common mutations of CYP21A2 gene.Gene duplication, deletion [73], large geneconversion   and   rare mutations  were also  found

Fig. 3: A proposed genetic diagnostic algorithm for CAH screening of the affected individuals and carriers in families
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with the help of MLPA and sequencing techniques(Our unpublished data). We are analyzing otherinvolved genes such as HSD3B2 and StAR genes inmore patients.
Genetic CounselingIndividuals who have inherited a mutation are atrisk of transmitting it to their offspring. The risk offirst cousins for autosomal recessive disorders is6-8%. An appropriate genetic counseling can behelpful and beneficial for families having affectedindividuals. Genetic counseling provided for theaffected families is dependent on the genotypesdiagnosed by molecular techniques.All reported CAH mutations are inheritedrecessively. Thus, the recurrence risk of 25% isrecognized for parents with a pervious affectedchild, although de novo mutations in the CYP21A2gene have a significant role in introducing newalleles to populations; their frequency is 1–2%[74].Various ethnic groups with different culturesincluding Persian, Azari, Kurd, Gilaki, Lur,Turkmen, Arab, etc. exist in Iran. Because of highprevalence of some mutations in different groupsin other genetic diseases such as congenitalhearing loss, ethnicity is considered[75,76]. Carrierscreening is essential for any population with highfrequency of intra group marriages and at riskfamilies.Hence, molecular diagnosis of the mutations isrequired for carrier detection, genetic counselingand prenatal diagnosis.
Prenatal DiagnosisNowadays, one of the important parts ofpregnancy care is prenatal diagnosis. This processis applied to determine the disease of a fetusbefore birth. One of the aims of prenatal diagnosisis to reduce genital ambiguity and subsequentproblems each individual is dealing with in CAH.Luckily, 21-OHD is a preventable disease infemales with ambiguous genitalia when it isdetermined by prenatal diagnosis methods[77].

Many approaches such as biochemical diagnosisare being applied for prenatal diagnosis of affectedfetuses since 1965 by Jeffcoate and colleagues.Recently, molecular genetic techniques areincreasingly used to genotype the CYP21A2 genefrom extracted DNA of fetus. Chorionic villussampling (CVS) and amniocentesis are the mainsources for extracting fetal DNA at 8th-9th and 12th-13th weeks of gestation, respectively. New studiespoint out that for affected or high risk families,dexamethasone administration is started at the8th week of gestation. If karyotyping or DNAanalysis shows that the fetus is a male, or the fetalDNA is unaffected for female, dexamethasone isstopped; if not, it is continued to term[77-79].
ConclusionCAH is one of the main pediatric referent, due togenital ambiguity and mortality of neonates as aresult of dehydration and shock. Moleculardiagnosis can be made for high risk families,before spending any unnecessary and excessiveexpenses, which also cope with socioeconomical,and psychological problems, thus this would avoidgenitoplasy for the affected individual. However,mis-diagnosis of asymptomatic nonclassic formsand heterozygotes has many undesirableconsequences that show up later in life. Therefore,carrier detection and genetic counseling of thefamilies having an affected child would diminishthe complications for the families.Bearing in mind, genetic testing would assistaccurate diagnosis of the affected individuals, andidentify their genotypes; therefore, it could beused in genetic counseling to reduce genitalvirilization of fetus and other difficulties the childand the family would deal with. Thus, a health carepolicy program based on molecular geneticsdraws the only essential way to decrease theincidence of CAH in our country.
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